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Summary
Objective: Despite the female predilection for joint diseases, and the known effects of female hormones in regulating chondrocyte function, the
various female hormone receptor subtypes in joints are not well characterized, and comparisons in receptor proﬁles between joints and
genders are lacking. This investigation characterized and compared the relative levels of estrogen receptors (ER)-a and -b, relaxin receptors
LGR7 and LGR8, and progesterone receptor (PR) in the temporomandibular joint (TMJ) disc, knee meniscus (KM) and pubic symphysis
ﬁbrocartilages.
Methods: Fibrocartilaginous cells from 12-week-old mice were maintained in serum-containing a-modiﬁed Eagle’s medium (MEM) until conﬂu-
ence. Total RNA and cell lysates were assayed by RT-PCR, qRT-PCR, immunocytochemistry andWestern blots, and joint sections subjected to
immunohistochemistry.
Results: All hormone receptors assayed were present in the three joints, but showed substantial differences in expression levels between
joints. TMJ cells had higher ER-a (>2.8-fold), ER-b (>2.2-fold), LGR7 (>3-fold) and PR (>1.8-fold), and lower LGR8 (0.5-fold) gene expres-
sion levels than KM cells. The ratio of ER-a:ER-b and LGR7:LGR8 was 1.8- and 7.5-fold higher, respectively, in TMJ than in KM cells. The
proﬁle of hormone receptors in the TMJ disc was similar to those in the pubic symphysis. Immunochemistry conﬁrmed the differential expres-
sion patterns of these receptors in the three tissues. The TMJ cells demonstrated sexual dimorphism in the levels of both ER isoforms, but not
of LGR7, LGR8 or PR.
Conclusions: The ﬁndings suggest that these ﬁbrocartilages are putative target tissues for actions of female hormones. The differential
expression proﬁles of the hormone receptors in the three joint ﬁbrocartilages and the sexual dimorphism in ERs in TMJ disc cells are likely
to result in varied downstream effects in response to hormones within these ﬁbrocartilaginous tissues.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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The high female to male preponderance of degenerative
joint diseases is well established1,2, suggesting a potential
role of female sex hormones in causing or predisposing to
these disorders. Indeed, it has been shown that estrogen
modulates immune responses, plasma extravasation, pain
responsiveness, and matrix synthesis and degradation in
joints in vitro and in vivo3e6. Of these mechanisms, the
modulation of extracellular matrix (ECM) remodeling activi-
ties by estrogen, progesterone and another hormone
relaxin may constitute one of the key mechanisms for pre-
disposing joints to degenerative changes. While the effects
of estrogen on tissue turnover appear to be dose- and
tissue-dependent7e10, in general it enhances degradation
of the ECM by regulating the gene expression of various
tissue degrading matrix metalloproteinases (MMPs)7,8, in
various cell types and causing matrix loss in speciﬁc tissues
including that of the temporomandibular joint (TMJ) ﬁbrocar-
tilage9. Estrogen’s effects on cartilaginous tissues are likely
mediated by their cytosolic steroid receptors ER-a and -b.*Address correspondence and reprint requests to: Dr Sunil
Kapila, 1011 North University Avenue, The University of
Michigan, Ann Arbor, MI 48109-1078, USA. Tel: 1-734-647-8750;
Fax: 1-734-763-8100; E-mail: skapila@umich.edu
Received 15 May 2008; revision accepted 30 September 2008.
646Although, some evidence has been presented on the pres-
ence of ER-a in cartilaginous tissues11,12, these are largely
qualitative data. Additionally, although the comparison be-
tween several investigations suggests variations in estro-
gen receptor (ER) levels in different cartilages13e15, these
observations require validation by studies in which different
cartilages are studied concurrently. Finally, the presence of
ER-b in joints is not well characterized, the relative concen-
trations of ER-a to -b are not known, and the difference in
relative levels of these two receptors in various joints has
not been determined. The determination of the relative
cellular concentrations of ER-a and -b is important since
these receptors often have varied and sometimes opposite
downstream effects, they often regulate different target
genes, and ER-b has the capacity to repress transcriptional
activity of ER-a with the same ligand16e18. Within various
reproductive tissues, the net response of cells to estrogen
is determined by the ratio of ER-a to ER-b16,19,20, empha-
sizing the potential importance of determining this ratio in
cartilage.
As with estrogen, relaxin is known to be a potent medi-
ator of ECM turnover. Relaxin H2, the major stored and cir-
culating form of relaxin in humans, is a 6-kDa polypeptide
belonging to the insulin family of structurally related hor-
mones but its activities are distinct from other members
of this family. It has long term effects on connective tissue
647Osteoarthritis and Cartilage Vol. 17, No. 5composition by altering the concentrations and organiza-
tion of key matrix macromolecules through modulation of
their synthesis21,22, or their increased degradation by
enhancing the expression of MMPs23e25, or both22. Specif-
ically, within the ﬁbrocartilaginous TMJ disc, relaxin in-
duces MMP-1 (collagenase-1) and -3 (stromelysin-1),
which is paralleled by loss of collagen and proteoglycan
from this tissue9,26,27. Relaxin has two known leucine-rich
guanine nucleotide-binding (G protein)-coupled (LGR) re-
ceptors, designated LGR7 and LGR828e30. Relaxin binds
with high afﬁnity to LGR7 receptor and with low afﬁnity to
LGR8 receptor28,31. Relaxin receptors and LGR7 tran-
scripts have been identiﬁed in reproductive and non-repro-
ductive tissues such as the brain, kidney, lung, and the
anterior cruciate ligament of knee joint28,32. However, there
is currently no evidence of relaxin receptors in ﬁbrocartila-
ginous tissues of joints.
In contrast to the effects of estrogen and relaxin in en-
hancing MMP expression, progesterone has been shown
to down-regulate several MMPs33e35 in reproductive tis-
sues, and more recently of MMP-3, -9 and -13 in TMJ
ﬁbrocartilage36. The physiologic effects of progesterone
are mediated by interaction of the hormone with speciﬁc in-
tracellular progesterone receptors (PRs). The PRs are
members of a large family of ligand-activated nuclear
transcription regulators, which include speciﬁc receptors
for several other steroid hormones, but also for retinoids,
thyroid hormone, and the active Vitamin D metabolite.
Although progesterone is known to mitigate tissue degrada-
tion in reproductive and non-reproductive tissues including
TMJ ﬁbrocartilage9,33e36, its role and that of its receptor in
joint tissue turnover and their potential contribution to joint
diseases have not been fully characterized.
Despite the likely importance of hormone activity on car-
tilaginous tissues of joints in health and disease, the pres-
ence of speciﬁc hormone receptors in joints has not been
fully determined, the different ER and relaxin receptor sub-
types and their relative expression levels are not character-
ized, and comparisons in receptor proﬁles between joints
and genders are lacking. Therefore, the purpose of this
investigation was to compare both qualitatively and quanti-
tatively the proﬁles and levels of estrogen, relaxin and PRs
in the ﬁbrocartilages of the TMJ and the knee meniscus
(KM). The pubic symphysis ﬁbrocartilage was used as a ref-
erence positive control. The ﬁndings on relative receptor
levels and proﬁles in joint tissues could provide important
insights not only on whether these cartilages are putative
target tissues for these hormones, but also on the relative
metabolic activities in each of these tissues in response to
the respective hormones.Materials and methodsREAGENTS AND ANIMALSAll cell culture reagents and media were purchased from Invitrogen
Corp. (Carlsbad, CA) and chemicals were from Sigma-Aldrich Corp. (St.
Louis, MO) unless otherwise mentioned. Total RNA extraction and re-
verse-transcriptional polymerase chain reaction (RT-PCR) kits were from
Qiagen Corp. (Valencia, CA), and quantitative real time RT-PCR (qRT-
PCR) reagents were obtained from Applied Biosystems (Carlsbad, CA).
BCA protein assay kit was purchased from Pierce Biotechnology (Rockford,
IL) and Western blot reagents were from Bio-Rad Laboratories (Hercules,
CA). Primary antibodies to mouse ER-a, ER-b, LGR8, PR, and actin
were all from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) and the pri-
mary antibody to mouse LGR7 was from Phoenix Pharmaceuticals, Inc.
(Burlingame, CA). C57BL/6J mice were used in this study. All animal pro-
cedures were conducted in compliance with federal and institutional guide-
lines and approved by the University of Michigan Institutional Animal Care
and Use Committee.FIBROCHONDROCYTE ISOLATION AND CULTUREFibrochondrocytes were isolated from 12-week-old male and female
C57BL/6J mouse TMJs, and female KM and pubic symphysis ﬁbrocartilages.
The tissues were retrieved under dissection microscope in aseptic conditions
after euthanasia with an overdose of CO2. The tissues were washed with
Hank’s balanced salt solution (HBSS) containing 1% antibiotics, minced
and incubated in a-MEM phenol-free media supplemented with 10% fetal bo-
vine serum (FBS) for 2e4 weeks. Passage 4e6 cells cultured at 1 106 cells
in a 100-mm dish and maintained in serum-containing medium until conﬂuent
were used for all subsequent experiments.TOTAL RNA EXTRACTION, RT-PCR, AND qRT-PCRWe quantiﬁed the gene expression levels for each of the receptor iso-
forms in the cultured ﬁbrochondrocytes by qRT-PCR (ABI PRISM 7500).
Upon conﬂuence, total RNA was extracted from ﬁbrochondrocytes of fe-
male and male mice using RNeasy Mini kit according to manufacturer’s
protocol (Qiagen). Total RNA (1 mg) was reverse transcribed using Omini-
script RT kit (Qiagen) with random hexamers as primers. A 1:100 (v/v) di-
lution of the resulting cDNA from the reverse transcription was utilized as
the template and the relative content of mRNA for speciﬁc receptors in
each sample was quantiﬁed using SYBR green master mix and the spe-
ciﬁc primers designed with Primer Express 2.0 (Applied Biosystems) (Ta-
ble I) to detect gene expression of ER-a, ER-b, LGR7, LGR8 and PR. The
successful qRT-PCR ampliﬁcation was conﬁrmed by performing the melt-
ing curve test and observing a single peak for each gene. qRT-PCR anal-
yses were also conducted to compare the relative expression levels of
these hormone receptors in male and female TMJ ﬁbrochondrocytes.
18s ribosomal ribonucleic acid (rRNA) was used as an internal control.
Cycle threshold values of the genes of interest and the quantitative
gene expression levels relative to 18s rRNA in the samples were
determined.
In order to derive to ratios for ER-a:ER-b and LGR7:LGR8 in the ﬁbro-
chondrocytes, we performed semi-quantitative RT-PCR for these receptors.
A 1:10 (v/v) dilution cDNA from the previous experiment was used as a tem-
plate to amplify for female hormone receptors using a PCR master mix (Qia-
gen) and speciﬁc primers for mouse ER-a, ER-b, LGR7, LGR8, and PR
(Table I). Mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was ampliﬁed at the same time as an internal control. Equal volumes of
PCR product from each group were resolved by electrophoresis on a 1%
(w/v) agarose gel and visualized with ethidium bromide. The optical densities
of PCR products were quantiﬁed using an image analysis system (NIH Im-
age J 1.32), and standardized by GAPDH signal.PROTEIN ASSAYS AND WESTERN BLOTSConﬂuent female TMJ, KM and pubic symphysis ﬁbrochondrocytes were
lysed using RIPA lysis buffer (Santa Cruz Biotechnology, Inc.) and the pro-
tein concentration in the lysate was determined by BCA protein assay
(Pierce Biotechnology). The cell lysates, standardized by total protein were
mixed with 4 sample buffer, and electrophoretically resolved on 10% (w/v)
Sodium Dodecyl Sulfate-PolyAcrylamide Gel Electrophoresis (SDS-PAGE).
The proteins were transferred to Polyvinylidene ﬂuoride (PVDF) membrane,
blocked overnight with 5% (w/v) milk in phosphate buffered saline (PBS), incu-
bated with primary polyclonal antibodies speciﬁc for ER-a, ER-b, LGR7,
LGR8, or PR for 2 h, washed and incubated for 2 h with horseradish peroxi-
dase-conjugated secondary antibody at room temperature. Following further
washes, the protein bands were visualized by incubation of the blot with
a chemiluminescent substrate (Pierce Biotechnology) and exposing the blot
to an X-ray ﬁlm. After incubation with stripping buffer (Pierce Biotechnology)
for 40 min, the blot was re-probed with primary antibody speciﬁc for actin to
conﬁrm equal loading of samples.IMMUNOCYTOCHEMISTRY AND IMMUNOHISTOCHEMISTRYThe presence and distribution of ER-a, ER-b, LGR7, LGR8, and PR in
female mouse TMJ, KM and pubic symphysis ﬁbrochondrocytes were further
validated using immunocytochemistry. Early passage ﬁbrochondrocytes
(5 104 cells/chamber) were seeded into slide chamber and maintained in
serum-containing a-MEM. Upon 70% conﬂuence, cells were washed twice
with PBS, ﬁxed with 75% (v/v) ethanol for 15 min, and washed twice with
PBS. The cells were incubated with 1 mg/ml hyaluronidase for 30 min,
washed with PBS and blocked with 1% (w/v) bovine serum albumin for
30 min. The cells were incubated with primary antibodies speciﬁc for ER-a,
ER-b, LGR7, LGR8, PR or non-immune IgG for 3 h. After washing with
PBS twice, cells were incubated with ﬂuorescent-labeled secondary antibody
(1:400 v/v) (Invitrogen Corp.) for 1 h. The nuclei were stained with 40-6-Dia-
midino-2-phenylindole (DAPI). Following further washing, the cells were
mounted with coverslips and observed under a ﬂuorescent microscope
(Nikon TS100, Tokyo, Japan).
Table I
Primers used in RT-PCRs and qRT-PCRs for female hormone receptors ER-a, ER-b, LGR7, LGR8, and PR were designed using Primer
Express 2.0 software according to the manufacturer’s instructions (Applied Biosystems). The expression level of GAPDH or 18s rRNA
was determined to serve as an internal control in RT-PCRs or qRT-PCR assays, respectively
Gene Accession no. RT-PCR qRT-PCR
Primers Amplicon (bp) Primers Amplicon (bp)
ER-a NM_007956 50-TACGAAGTGGGCATGATGAA-30 194 50-GTGCCTGGCTGGAGATTC TG-30 65
50-AAGGACAAGGCAGGGCTATT-30 50-GAGCTT CCC CGG GTG TTC-30
ER-b NM_207707 50-CAAGAGAACCAGTGGGCACAC-30 273 50-AAGCTGGCTGACAAGGAACTG-30 65
50-CAGCCAATCATGTGCACCAG-30 50-TCCACAAAGCCAGGGATTTTT-30
LGR7 NM_212452 50-CTGCTTCACTGCAATGGTGT-30 151 50-CACCCGTTTGCCTGACAAA-30 63
50-CGGAAGTTTCTGCCTCAAAG-30 50-TCAAAGTCCAGCCAGTGCAG-30
LGR8 NM_080468 50-CTCAGCCAGTATCCACAGCA-30 201 50-GCAGAAGTGAGGAGCCACATC-30 76
50-TGTGATGCAGTTGTGCTGAA-30 50-TGGCATCAGAGAACACGATAA AA-30
PR NM_008829 50-GGTGGAGGTCGTACAAGCAT-30 157 50-CAGTCGGTGGGCCTTCCT A-30 67
50-CTCATGGGTCACCTGGAGTT-30 50-TCCTTGATTTGGTGAAAAGGTGATT-30
GAPDH NM_001001303 50-ACTCCACTCACGGCAAATTC-30 171 NA NA
50-TCTCCATGGTGGTGAAGACA-30
18s rRNA X00686 NA NA 50-CGCCGCTAGAGGTGAAATTCT-30 67
50-CATTCTTGGCAAATGTTTCG-30
648 W. Wang et al.: Female hormone receptors in mouse ﬁbrocartilagesTo localize female hormone receptors in the ﬁbrocartilages, the entire
TMJ, knee and pubic symphysis were retrieved from female mice, ﬁxed
in 4% (w/v) paraformaldehyde, and decalciﬁed with 0.2 M ethylene diamine
tetra-acetic acid (EDTA)/PBS solution (pH 7.4). The tissues were routinely
embedded and sectioned into 5 mm parafﬁn sections. Immunostaining was
performed using Histostain-SP kit (Invitrogen Corp.) according to manufac-
turer’s instructions. Brieﬂy, after deparafﬁnization with xylene, rehydration,
quenching of endogenous peroxidase with 3% (v/v) hydrogen peroxide,
and incubation with bovine blocking serum, the sections were incubated
with primary antibodies speciﬁc for ER-a, ER-b, LGR7, LGR8, PR or
non-immune serum for 3 h. Sections were washed and incubated with
biotinylated secondary antibody for 10 min followed by incubation with
a streptavidineperoxidase conjugate for 10 min. The sections were washed
and incubated with diaminobenzidine solution in distilled water for 5 min,
and counterstained with hematoxylin for 3 min. After mounting with cover-
slips, the specimens were viewed and analyzed under a microscope (Nikon
TS100).STATISTICAL ANALYSISNumerical data were plotted as means standard deviations (SD). The
statistical signiﬁcance of any differences in quantitative data was determined
by single factorial analysis of variance (ANOVA), and the inter-group differ-
ences were determined by Tukey’s test. A P value of less than 0.05 was con-
sidered statistically signiﬁcant.ResultsLOCALIZATION OF FEMALE HORMONE RECEPTORS IN
FEMALE MOUSE FIBROCARTILAGESFluorescence immunocytochemistry revealed conspicu-
ous positive staining for both ER-a and ER-b in the TMJ
and pubic symphysis cells, which was largely conﬁned to
the cytoplasm and nucleus (Fig. 1). However, only a weak
signal of both ER isoforms was detected in KM cells. Simi-
larly, although the TMJ disc cells and pubic symphysis cells
demonstrated high levels of cell surface and cytoplasmic
staining for LGR7, staining for this receptor was barely per-
ceptible in KM cells. Finally, while LGR8 expression was
strong in the pubic symphysis and KM cells, those from
the TMJ stained weakly for this receptor.
Since in vitro cell culture system may not accurately
represent the in vivo expression of hormone receptors
due to an altered cell state through dedifferentiation and
the lack of matrices, we performed immunohistochemistry
on intact tissues to verify results obtained from cellculture and to characterize the in situ distribution of these
receptors. Subjectively, we found higher expression
levels of ER-a, ER-b, and LGR7 in the TMJ disc and pu-
bic symphysis as compared to the KM, while LGR8 was
more highly expressed in the KM and pubic symphysis
vs the TMJ disc (Fig. 2) e ﬁndings that are similar to
our observations in cell culture.SEXHORMONERECEPTORSAREEXPRESSEDDIFFERENTIALLY
IN FEMALE MOUSE FIBROCHONDROCYTES FROM VARIOUS
JOINTSWe next quantitatively and semi-quantitatively analyzed
the mRNA and protein expression levels of estrogen,
relaxin and PRs from TMJ, pubic symphysis and KM cells.
Since the KM had the lowest levels of most of the receptors,
the qRT-PCR data was standardized to expression levels in
the KM cells. We found that TMJ disc ﬁbrochondroctyes
had signiﬁcantly greater ER-a (>2.8-fold), ER-b (>2.2-
fold), LGR7 (>3-fold) and PR (>1.8-fold) gene expression
levels, and signiﬁcantly lower (<0.5-fold) LGR8 gene
expression than KM ﬁbrochondrocytes (Fig. 3). Similarly,
the pubic symphysis cells had signiﬁcantly greater gene
expression levels for ER-a (>12-fold), ER-b (>3-fold),
LGR7 (>5-fold) and PR (>2.5-fold) than KM ﬁbrochondro-
cytes. The expression level for LGR8 was statistically lower
in pubic symphysis cells (<0.7-fold) than KM cells, whereas
its levels were not signiﬁcantly different between the TMJ
and pubic symphysis cells.
The ﬁndings on qRT-PCR were conﬁrmed by semi-
quantitative RT-PCR and Western blots. These assays
showed that the TMJ and pubic symphysis cells have
higher expression levels of ER-a, ER-b, LGR7 and PR
than the KM cells, while LGR8 is most highly expressed
in the KM ﬁbrochondrocytes [Fig. 4(A) and (B)]. Further
analysis of the RT-PCR gels using videodensitometry
was used to derive ER-a:ER-b and the LGR7:LGR8 ra-
tios. These analysis revealed that the ER-a:ER-b in
TMJ disc and pubic symphysis cells were signiﬁcantly
higher (two-fold and 2.5-fold, respectively) than that in
KM cells (Fig. 5). Similarly, the LGR7:LGR8 ratio was ap-
proximately 7.5-fold greater in TMJ disc cells and 2.5-fold
higher in pubic symphysis cells than in the KM cells.
ER-α
ER-β
TMJ KM PS NC
LGR7
LGR8
Estrogen
receptors
Relaxin
receptors
PR
Fig. 1. Localization of ERs ER-a and ER-b, relaxin receptors LGR7 and LGR8, and PR in mouse TMJ disc, KM, and pubic symphysis (PS)
ﬁbrochondrocytes. ER-a, ER-b, LGR7 and PR were highly expressed in the TMJ and pubic symphysis ﬁbrochondrocytes while LGR8 was
detected at higher levels in KM and PS than in TMJ cells. Negative controls (NC) show pubic symphysis cells subjected to this assay in
the absence of primary antibody. The nuclei were stained with DAPI. (Magniﬁcation 40; bar¼ 50 mm.)
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BUT NOT RELAXIN AND PR EXPRESSION LEVELSIn order to understand whether the gender differences in
TMJ diseases may result at least in part from differences in
concentrations of hormone receptors in target tissues be-
tween males and females, qRT-PCR was performed on
RNA extracted from isolated TMJ disc cells. We found
that ER-a and ER-b levels were signiﬁcantly lower (67%
and 25%, respectively) in cells from male than female
mice (Fig. 6). In contrast, the expression levels of LGR7
and LGR8 were slightly but not signiﬁcantly lower (88%
and 76%, respectively), while PR receptor levels were
slightly, but not signiﬁcantly greater (116%) in TMJ cells
from males than female mice.Discussion
Our ﬁndings show substantial differences in the quantities
of estrogen, relaxin and progesterone receptors expressed
in cells from the mouse TMJ, KM and pubic symphysis ﬁ-
brocartilages. In general, the TMJ disc and pubic symphysis
cells express higher concentrations of ER-a, ER-b, LGR7
and PR than the KM cells, while that of LGR8 are highest
in the KM followed by the pubic symphysis and TMJ disc
cells. Accordingly, the TMJ disc and pubic symphysis cells
have higher ratios of ER-a:ER-b and LGR7:LGR8 than KMcells. Additionally, TMJ disc cells from female mice had
higher concentrations of ER-a and ER-b than cells from
male mice. Since the binding of female hormone ligands
to their respective receptors are known to affect cell
proliferation, differentiation, matrix turnover and tissue
phenotype6,37e41, these dissimilarities in absolute and rela-
tive concentrations of receptors between the ﬁbrocartilages
are likely to result in differential downstream effects in re-
sponse to hormones within these three ﬁbrocartilaginous
tissues.
Although no studies have been done to show the pres-
ence of relaxin receptors in cartilage, several previous in-
vestigations to characterize steroid hormone receptors in
cartilaginous tissues have produced varied ﬁndings. Thus,
while chondrocytes within the knee articular cartilage have
been shown to be positive for ERs and PRs14,15, those
from thyroid cartilage of male and female subjects did not
react with ER-a and PR antibodies13. These and other
studies also show differences in distribution of mRNA and
proteins for ERs and PR in articular cartilages and in
chondrocytes at various stages of differentiation in develop-
ing endochondral bone42,43. Together, these studies high-
light the need for concurrent comparative analysis of
receptor levels in cartilages in different joints, as performed
in the present study. Also, the presence and distribution of
these receptors in ﬁbrocartilaginous tissues is not well char-
acterized. In a preliminary study on symptomatic and
TMJ KM PS
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Fig. 2. In situ immunolocalization of ERs ER-a and ER-b, relaxin receptors LGR7 and LGR8 and PR in mouse TMJ, KM, and pubic symphysis
(PS) ﬁbrocartilages. ER-a, ER-b, LGR7 and PR were more highly expressed in the TMJ and pubic symphysis ﬁbrocartilages but only a few
positively stained cells were found in the KM ﬁbrocartilage. In contrast, LGR8 was mainly expressed in the cells of KM and pubic symphysis.
Negative controls (NC) show pubic symphysis tissues subjected to this assay in the absence of primary antibody. Arrows point to positively
stained cells. (Magniﬁcation 20; bar¼ 50 mm.)
650 W. Wang et al.: Female hormone receptors in mouse ﬁbrocartilagesasymptomatic human subjects ER, whose isoform was not
determined, and PR were localized in TMJ discs44. The sin-
gle study done to identify and localize the ER-a isoform in
the TMJ showed the presence of this receptor in numerous
tissues of the TMJ including the articular disc11. The present
study is the ﬁrst to show the presence of relaxin receptors in
any type of cartilaginous tissues, and conclusively demon-
strate the differential expression of both ER isoforms, PR
and relaxin receptors in ﬁbrocartilaginous tissues from the
TMJ and other joints.
The localization of these hormone receptors in develop-
ing endochondral bone, mature cartilage and, as shown
by the present studies, in ﬁbrocartilage attests to the
importance of the receptors and their respective hormones
in cartilage development and physiology12,14,42,43. It is well
known that these hormones regulate the proliferation, differ-
entiation, maturation and programmed cell death of chon-
drocytes6,39e41. However, different cartilages also show
site and age dependent divergent responses to hormones.
For example, estrogen and progesterone together increase
mesenchymal cell proliferation, but not proteoglycan syn-
thesis during matrix induced endochondral bone forma-
tion40. Additionally, estrogen enhances endochondral
bone growth in fetal rat metatarsal bones, while progester-
one has no effects45,46. Conversely, ovariectomy leads to
decreased number of growth plate chondrocytes resulting
from decreased cell proliferation and increased apoptosis
in rabbits41 e a ﬁnding that is in concurrence with theeffects of the selective estrogen receptor modulator
(SERM) tamoxifen on chondrocytes in the resting and hy-
pertrophic zones of cultured metatarsal bones and chondro-
cyte cell lines47. In contrast to the ﬁndings on long bones, in
the neonatal mandibular condylar cartilage, progesterone
increases proteoglycan synthesis48. Also, as opposed to
developing long bones, estrogen treatment of mature rat
TMJ condyle explants results in signiﬁcant reduction in car-
tilage thickness, mitotic index, decrease in proteoglycan
content and an increase in type X collagen in hypertrophic
chondrocytes suggesting that estrogen decreases cartilage
thickness by inhibiting chondrocyte differentiation and in-
creasing chondrocyte maturation6. Taken together with
the ﬁndings of the present study, such site and develop-
mentally speciﬁc differences in responses to hormones
may result from differences in absolute and relative local
concentrations of hormone receptors. Therefore, the varied
effects of each of these hormones on cellular responses
and our current ﬁndings showing different hormone receptor
proﬁles in various ﬁbrocartilages suggest a substantial com-
plexity in the hormonal control of cell proliferation, differen-
tiation, and maturation and therefore on the resultant tissue
phenotype in different cartilaginous tissues.
Besides the contribution of female hormones in regulating
cell proliferation and differentiation, estrogen, progesterone
and relaxin are important regulators of ECM turnover both in
development42,43,49 and possibly also in disease7,44,50.
Evidence for such a matrix regulatory role of hormones
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Fig. 3. Quantitative differential gene expression for ERs, ER-a (A), ER-b (B), relaxin receptors, LGR7 (C) and LGR8 (D), and PR (E) in female
mouse TMJ disc, KM and pubic symphysis (PS) ﬁbrochondrocytes. ER-a, ER-b, LGR7 and PR were highly expressed in the TMJ and pubic
symphysis cells, while LGR8 was highly expressed in KM cells. Data represent meansSD fold levels of respective receptors relative to
those in the KM from three independent experiments, each performed in triplicate. (n¼ 3; *P< 0.01, **P< 0.05.)
651Osteoarthritis and Cartilage Vol. 17, No. 5are provided by studies showing that estrogen induces the
expression of MMP-3, -9, and -13 in various cells including
ﬁbrocartilaginous cells7,8,36. Although little is known of the
effects of progesterone in regulating MMPs in cartilage, it
produces a dose-dependent receptor-mediated decrease
in MMP-9 expression in trophoblasts33. Finally, relaxin is
known to enhance ECM turnover in reproductive21,22,51
and non-reproductive tissues including ﬁbrocartilage9,36,38
likely through its upregulation of various MMPs26,27,36,38.
These ﬁndings together with those of the present study on
the presence of ERs, relaxin receptors and PR in joint tis-
sues point to an important role of these hormones and theirLGR8 201 bp
LGR7 151 bp
ER-β 273 bp
ER-α 194 bp
GAPDH 171 bp
PR 157 bp
TMJ KM PS
A
Fig. 4. Differential expression of ERs ER-a and ER-b, relaxin receptors L
(PS) ﬁbrochondrocytes. (A). Total RNA, standardized for RNA concentrati
tors. GAPDH was used as an internal control. (B) Alternatively, cell lysa
assays for each of the hormone receptors. Actin was used as an interna
a, ER-b, LGR-7, and PR were highly expressed in the TMJ and pubic sy
cells. In contrast, higher levels of LGR8 were detected in KM anreceptors in cartilage metabolism and matrix remodeling
activities in health and possibly in disease.
Degenerative joint diseases are frequently associated
with enhanced matrix turnover modulated by MMPs52. It is
plausible that the aberrant modulation of ECM turnover by
female hormones, which could be dependent on both the
systemic levels of hormones and the receptor proﬁles in tar-
get tissues, may predispose to degenerative changes and
progressive disease in target joints. Indirect evidence for
such a link is provided by our current and previous studies
showing that the most responsive target tissues, namely the
pubic symphysis and TMJ disc, that show enhanced matrix67 kDa
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d pubic symphysis cells as compared to that in TMJ cells.
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Fig. 5. TMJ, KM and pubic symphysis (PS) ﬁbrochondrocytes show distinctly different ratios of gene levels for ERs ER-a:ER-b (A), and relaxin
receptors LGR7:LGR8 (B). A signiﬁcantly higher expression ratio of ERs ER-a:ER-b and relaxin receptors LGR7:LGR8 was found in the TMJ
and pubic symphysis ﬁbrochondrocytes than in KM cells. Data represent meansSD from three independent experiments, each performed in
triplicate. (n¼ 3; *P< 0.01, **P< 0.05.)
652 W. Wang et al.: Female hormone receptors in mouse ﬁbrocartilagesloss by estrogen and relaxin treatments in ovariectomized
rabbits, have similar levels and proﬁles of the respective
hormone receptors, which differ substantially from that in
the non-responsive KM9. Similarly, our ﬁndings on the
higher levels of ERs in female vs male TMJ disc cells, which
have also been shown in preliminary studies in non-human
primates53, may partially explain the preponderance of TMJ
disorders in women of reproductive age. Further studies are
likely to help decipher any relationship between hormone
receptors and altered remodeling activities in cartilaginous
tissues.
In concurrence with the differences in receptor proﬁles
between the TMJ disc and pubic symphyis on one hand,
and the KM on the other, we found similar ER-a to ER-b
and LGR7 to LGR8 ratios in the TMJ disc and pubic sym-
physis cells that were signiﬁcantly greater than those inm
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Fig. 6. Gene expression levels for ERs but not relaxin receptors or
PR demonstrate sexual dimorphism in mouse TMJ ﬁbrochondro-
cytes. Hormone receptor gene expression levels in male cells
were standardized to that in female cells. Male TMJ cells had a sig-
niﬁcantly lower gene expression levels for ER-a (67.3%) and ER-
b (24.9%), but not for LGR7 (88.7%), LGR8 (75.9%) and PR
(116%) relative to that in female TMJ cells. Data represent
meansSD from three independent experiments, each performed
in triplicate. (n¼ 3; *P< 0.01, **P< 0.05.)the KM. The determination of ratios of various receptors
and/or their isoforms is important because previous studies
have shown that the relative receptor concentrations in tar-
get cells often contribute to diverse cell responses. Thus, in
cells containing both ERs, ER-b has the capacity to repress
transcriptional activity of ER-a16,17, and therefore may act
as a dominant negative regulator of ER activity. Also, micro-
array analysis have shown that ER-a and ER-b regulate dif-
ferent target genes in response to estrogens and SERMs
and will produce distinct phenotypes in cells that express
predominantly ER-a compared with those expressing ER-
b18. Therefore, any change in the ratio of ER-a:ER-b in tis-
sues that occurs with aging or disease states may alter the
tissue response to estrogens16,19,20. Although the precise
contributions of LGR7 and LGR8 and their ratios to changes
in cartilaginous tissues on activation by relaxin are not
known, important evidence for the role of LGR7 to in vivo
remodeling of matrices is provided by the phenotypic char-
acteristics of the female LGR7 null mice. These mice show
several abnormal characteristics similar to those described
in relaxin-deﬁcient mice that include increased local density
of collagen of the nipple and an unrelaxed pubic symphysis
with densely packed collagen ﬁbers during parturition54,55.
While these studies suggest that LGR7 is a likely candidate
receptor in the modulation of tissue remodeling by relaxin,
its role and that of LGR8 in these process remains to be
determined. Our ﬁndings and others16,18e20 suggest the
intriguing possibilities that not only the systemic hormone
concentrations, but also the local proﬁles and ratios of
receptors may have on the net cellular responses and the
resultant tissue phenotype.
It has previously been shown that cultured ﬁbrochondro-
cytes undergo increasing dedifferentiation of the chondro-
cytic cells with increasing number of cell passages56,57. It
is plausible that this dedifferentiation into a greater ﬁbro-
blastic phenotype may affect the expression of hormone
receptors on these cells. However, since our previous ﬁnd-
ings show similar MMP responses of TMJ cells whether in
their natural matrix environment within tissue explants or
in monolayer cultures to relaxin26,27, it is likely that the
use of cells in early passages as in the present experiments
produces minimal changes in this system. This point is fur-
ther validated by our ﬁndings on the similarities in relative
653Osteoarthritis and Cartilage Vol. 17, No. 5levels of receptors in cell culture and those of in situ locali-
zation in tissue sections in the three types of tissues.
In summary, our ﬁndings on the localization and quantiﬁ-
cation of estrogen, progesterone and relaxin receptors in
ﬁbrocartilaginous tissues suggest that cartilage is a likely
target tissue for the actions of these three hormones.
Also, the differences in receptor types and ratios in different
ﬁbrocartilages together with the different effects of their re-
spective hormones on cell proliferation, differentiation, apo-
ptosis and matrix remodeling activities may be critical in
determining the ultimate tissue phenotype.
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